Abstract-The conformational properties of bottle brushes with identical backbone lengths, grafting densi ties, and molecular masses of side arms, but different architectures of the arms, are studied via the Langevin dynamics method within the coarse grained model. Volume interactions correspond to athermal solvent conditions. The sizes and shapes of a whole macromolecule and its backbone and the mutual arrangement and deformation of the side arms are determined. The induced persistence length of the brush backbone, a property that characterizes the rigidifying effect of interactions between side arms, is estimated. It is shown that, for the considered model parameters, the induced persistence length is independent of the side arm architecture, in agreement with predictions obtained earlier in the mean field approximation.
INTRODUCTION
Bottle brushes, which consist of a linear backbone and grafted side arms, have attracted considerable attention in recent years [1] . As was shown in a num ber of papers, the mutual repulsion of side arms leads to the induced rigidity of the backbone. The vast majority of both experimental and theoretical studies have been devoted to bottle brushes with linear chains as side arms. However, grafted chains may have a more complex architecture: e.g., branched, dendronlike, or comblike.
In [2] , brushes with side arms of various architec tures were considered in the mean field approxima tion with the use of a simple model in which both the backbone and side chains consisted of identical mono mer units. The backbone was considered fully extended, and the distance between side arm grafting points was fixed. Only pairwise interactions between monomer units of neighboring arms were taken into account.
One of the main consequences of the theory [2] is that, in a good solvent with allowance for pairwise interactions, persistence length l p depends only on the total number of monomer units per side arm, N A , and the distance between grafting points along the chain, h, not on the architecture of arms:
where ν is the second virial coefficient.
Formula (1) was derived on the basis of the assumption that the brush backbone is characterized
by a single parameter, flexural modulus κ p , which is related to the persistence length via the equation ,
where k B is the Boltzmann constant and T is tempera ture. In turn, flexural modulus κ p was determined from the expansion of free energy in terms of curvature radius R near the fully extended conformation:
The direct computer simulation is an alternative to approximate analytical methods. There are several papers on the computer simulations of bottle brushes with linear side arms [3] [4] [5] [6] [7] [8] . However, practically no data are available on the comparative study of brushes with arms of various architectures. This paper is the first where the computer simulation of such brushes is performed. We will consider bottle brushes with iden tical backbone lengths and grafting densities, but dif ferent architectures of side arms. The main aim is to elucidate the effect of the side arm architecture on the conformational properties of bottle brushes, in partic ular, on their induced rigidity.
MODEL AND METHODS
This study uses a coarse grained model in which monomer units of macromolecules are represented by beads of unit masses connected by rigid bonds of length l. In all cases, n = 61 arms are equidistantly attached to the macromolecular backbone (a chain consisting of N B = 121 monomer units) with terminal monomer units being grafting points as well. The grafting density is determined via the formula (4) The case of d a = 0.5 was considered; that is, side arms are attached to the main chain via one more bead.
All side arms, regardless of their architecture, con sist of N A = 15 beads. The total number of monomer units in macromolecules is (5) In total, six types of arms are analyzed: linear dendrons with different generation numbers and comblike arms
, the degree of branching of side arms was characterized by the ratio of monomer unit number N A to length ᏺ of the longest path within an arm from its grafting point to its terminal monomer unit. This value is independent of the total number of monomer units per arm. The calculated ᏺ/N A values are pre sented below.
For a linear chain, this parameter is unity, while for the dendron with the maximum number of genera tions (3), this parameter is 3.7.
The above listed types of brushes were simulated via the method of Langevin dynamics, in which inter actions between polymer beads were explicitly taken into account, while their interactions with the solvent were allowed for via random collisions and friction forces. The motion of all particles was described through the Langevin equations (6) where v i (t) is the velocity of the ith particle at moment t, m is the particle mass, f i (t) is the total force acting on the ith particle, R i (t) is a stochastic function simulating Brownian collisions, and χ is the friction coefficient. The step of numerical integration of motion equa tions, Δt, was selected so that the maximum displace ment of any monomer unit in the system during time Δt did not to exceed 10% of bond length l. Below, l and k B T will be used as length and energy units, respec tively.
Because particles of the low molecular mass sol vent were not taken into account explicitly within this approach, the calculation time was reduced and long trajectories of simulated objects could be recorded for better time averaging of the calculated parameters.
Volume interactions between covalently unbound ith and jth monomer units were defined with the use of the Weeks-Chandler-Andersen potential [9]:
where r ij is the distance between interacting particles, σ = 0.8l is the bead diameter, and ε is the energy parameter. This potential is a modification of the well known Lennard Jones potential, in which a cutoff radius is set at the potential minimum and the poten tial function itself is "raised" to the zero level of the ordinate axis. In other words, short range repulsion forces solely occurred as noncovalent forces in the sys 
